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evere sepsis and septic shock are the major causes of morbidity and mortality in the PICU of any developing country (1, 2) . Severe sepsis is often characterized by sepsis-induced myocardial dysfunction (SIMD), which may be systolic, diastolic, or global (3, 4) and plays a vital role in determining the immediate outcomes. Several animal and few human studies have emphasized systolic dysfunction as the proposed mechanism for development of septic shock (5-9). However, Parker et al (10) in their study on cardiovascular abnormalities in septic shock first demonstrated that it is actually the failure to dilate or poor compliance of the left ventricle that is responsible for deteriorating cardiac performance and mortality in patients with septic shock. Subsequently, several adult studies have demonstrated diastolic dysfunction to independently coexist with systolic dysfunction in patients with septic shock (11) (12) (13) (14) (15) . The prevalence of diastolic dysfunction in these studies has ranged from 20% to 57% at admission (11, (13) (14) (15) .
Diastolic function means to what extent the ventricle can dilate in response to acute myocardial stress. In the initial stages of septic shock, acute dilatation maintains cardiac index despite reduced contractility and/or low ejection fraction (EF) (10, 16) . This compensatory phenomenon is lost in patients with diastolic dysfunction, resulting in reduced left ventricular (LV) filling and stroke volume (10) (11) (12) (13) (14) (15) . Diastolic function is assessed by standard measures of ventricular relaxation or adenosine triphosphate-dependent part of ventricular diastole that include E wave, A wave, E/A ratio, E′, A′, and myocardial performance index or Tei index by Doppler echocardiography (16) (17) (18) (19) . Of all these variables, early diastolic mitral annular velocity (E′), as measured by tissue Doppler imaging (TDI), reflects LV relaxation and is mostly independent of both preload and heart rate (18) . Therefore, it is often the preferred variable for assessing diastolic dysfunction in patients with septic shock. The TDI velocity E′ has been found to be abnormal in majority of adult patients with septic shock (18, 19) .
Detecting diastolic dysfunction early in the course is of therapeutic and prognostic significance in management of septic shock (20, 21) . Also, diastolic dysfunction has been found to be independently associated with organ failure and death in adults with septic shock (13, 14, 19, 22) .
Given this background, our aim was to determine the prevalence and outcome of diastolic dysfunction in children with septic shock (especially fluid refractory) and to generate evidence for possible early clinical predictors of diastolic dysfunction in such patients.
MATERIALS AND METHODS

Design and Setting
We conducted this prospective observational study in our 18-bedded tertiary care ICU from June 2011 to August 2012. We recruited patients during the first year and followed them up for residual dysfunction during the second year (till July 2013).
Participants
All children 17 years old or younger with septic shock defined as sepsis in the presence of cardiovascular dysfunction (23) (Appendix 1, Supplemental Digital Content 1, http://links. lww.com/PCC/A115) particularly not responding to 40-60 mL/kg of fluid boluses (fluid refractory) in the first hour of resuscitation were eligible for enrollment (23) . Children less than 3 months were excluded as they are known to have high cardiac troponin-T (cTnT) due to physiological mechanisms. We also excluded those with primary cardiac illness (congenital, endocardial, myocardial, or pericardial), chest trauma, cardiothoracic surgery, meningococcemia, or those who had been given cardiopulmonary resuscitation (before enrollment) or cardiotoxic drugs, severe malnutrition (Appendix 1, Supplemental Digital Content 1, http://links.lww.com/PCC/ A115), and those already on mechanical ventilation (MV) and/or on inotropes/vasopressors at the time of admission. As we wanted to assess factors associated with diastolic dysfunction only, we excluded children with global dysfunction (systolic and diastolic dysfunction). The eligible children were enrolled after obtaining informed consent from one of the parents. The study was approved by the Institutional Ethics Committee.
Objectives and Outcome Measures
Our primary objectives were to determine the prevalence of diastolic dysfunction in children with fluid refractory septic shock and to assess immediate outcome, that is, mortality. Our secondary objectives were to determine short-term outcomes such as residual cardiac dysfunction at 1-year follow-up and possible early predictors of diastolic dysfunction in children with fluid refractory septic shock. The early clinical predictors of diastolic dysfunction which we decided to assess a priori included hemodynamic variables, clinical characteristics such as age, gender, site of infection, duration of illness, pediatric index of mortality (PIM) 2, and inotrope score prior to echocardiography (Appendix 1, Supplemental Digital Content 1, http://links.lww.com/PCC/A115), and variables related to fluid resuscitation such as inability to tolerate more than 40 mL/kg of fluid boluses during initial fluid resuscitation (appearance of rales, hepatomegaly) and need for MV in first 6 hours. Central venous pressure (CVP) was measured using indwelling central venous catheter and a pressure manometer manually (Romsons International, Noida, UP, India). The measurement was taken after the initial fluid resuscitation within the first hour. The size used for subclavian/internal jugular vein catheterization was 5F for infants and children and 7F for adolescents. For femoral venous catheterization, Cavafix MT 18 gauge/32 cm length catheter (B Braun Medical India Pvt. Ltd, Andheri [East], Mumbai, India) was used for infants and children and 14 gauge/32 cm length catheter was used for adolescents.
Study Protocol
Enrolled children were subjected to echocardiography and a qualitative cTnT test within the first 6 hours of admission. The management of these children was as per the recommendations of the American College of Critical Care Medicine for the management of septic shock in children (24) . All children received 40-60 mL/kg of normal saline boluses during the first hour of resuscitation with careful monitoring for features of fluid overload such as liver size and basal crackles. After the initial fluid resuscitation, if the children continued to show evidence of hypoperfusion or were hypotensive, a central catheter was inserted into the subclavian/jugular vein and fluids and vasoactive agents titrated to improve perfusion, achieve the target mean arterial pressure (MAP), and achieve an Scvo 2 value of greater than or equal to 70% and decreasing values of blood lactate (lactate values were abnormal if ≥ 1.6 mmol/L). The choice of inotropes/vasopressors was dependent on both the Scvo 2 and/or lactate values as well as the clinical type of shock. The choice of inotropes/vasopressors for warm shock was dopamine and norepinephrine, and for cold shock, it was dobutamine, epinephrine, and/or vasopressin depending on the MAP of the patient.
The choice of fluid for administering further boluses (after the initial hour) was normal saline in those without evidence of ongoing fluid loss (diarrhea, vomiting). In those with ongoing losses, we used degraded gelatin polymers (Hemaccel; Piramal Enterprises Limited, Mumbai, India) as 20 mL/kg boluses, instead of normal saline. In addition, children in both groups were started on appropriate antibiotics based on the patient's age, focus of infection, and likely organisms and their known susceptibility pattern (after taking cultures) during the first hour and any electrolyte or blood glucose disturbances were corrected.
Subsequently, the clinical course of the children and relevant laboratory variables were noted on a daily basis till death or discharge from the ICU.
For assessing the cardiac functions, a 12-lead electrocardiogram, echocardiography, and detection of cTnT using bedside qualitative card test strips (Roche Diagnostics, New Delhi, India) were carried out in all patients within 6 hours of ICU admission, at discharge, and at 1-year follow-up among survivors. Echocardiography was performed by a single pediatric cardiologist (S.D.) not involved in outcome assessment using HD11XE (Philips India Limited, Gurgaon, India). Prior to the study, the echocardiography of 20 patients were performed and interpreted in duplicate for ensuring accuracy and reliability. The intraobserver reliability was also excellent (0.93).
EF by M-mode echocardiography was used to assess systolic function, and a value of less than 0.55 was taken as abnormal (25) . The variables used for assessing diastolic functions were diastolic E and A waves, isovolumic relaxation time (IVRT), and E′ and A′ values by TDI. E′ values were obtained by TDI using pulsed wave Doppler sample volume within an area of the myocardium, that is, at the mitral valve annulus (at both septal and lateral margins on apical four-chambered view) and measuring the velocity at these points for quantification. While measuring at septal and lateral margins, angle correction was used. The average of both values was calculated and used for subsequent analysis. The E′ values were measured at end expiration in most patients. For the purpose of the study, we used an age-appropriate E′ cutoff for diagnosis of diastolic dysfunction. The age-appropriate cutoff for E′ (cm/s) (mean [sd]) are as follows: less than 1 year, 10 (3); 1-5 years, 15 (3); 6-9 years, 17 (4); and 10-13 years, 20. Any values above or below the range is considered abnormal (26) . The methods of assessing the other diastolic variables are provided in Appendix 1 (Supplemental Digital Content 1, http://links.lww.com/PCC/A115).
Sample Size Estimation
The prevalence of SIMD in children with septic shock is reported to range between 25% and 60% (average 45%) (27) (28) (29) . Assuming a similar average for prevalence of diastolic dysfunction (45%) and an absolute precision of 10%, we needed to enroll 49 children for achieving a confidence level of 95%.
Statistical Analysis
Data were analyzed using statistical package STATA version 11.0 (Stata Corp, College Station, TX). Continuous variables are presented as mean (sd) or median (interquartile range) as appropriate. Categorical variables are presented as absolute numbers (%). Continuous variables were compared between those with and without diastolic dysfunction using either independent Student t test or Wilcoxon rank-sum test (based on the distribution of the data). Categorical data were compared using chisquare test or Fisher exact test as appropriate. For determining risk factors, we performed univariable logistic regression analysis followed by multivariable logistic regression with backward stepwise elimination variable selection method using diastolic dysfunction as the dependent variable and all others as independent variables. The results of the multivariable analysis are reported as adjusted odds ratios (adjORs) with 95% CI. For this purpose, we combined the "systolic" and "no dysfunction" groups and compared this with the diastolic dysfunction group.
RESULTS
A total of 60 children were eligible for enrollment during the study period of which two were excluded as per prespecified exclusion criteria. A further two children were excluded from analysis as they had global dysfunction (Fig. 1) . The baseline characteristics of the study population are described in Table 1 . Median age was 7 years (1.5, 14) and 52% (n = 29) were male. Most common underlying diagnoses were meningitis (34%) and pneumonia (32%). Forty-one percent (n = 23) of patients had culture-positive sepsis (Table 1) . Abnormal electrocardiogram and cTnT were present at admission in 26% and 50% cases, respectively. The mean PIM-2 probability (79%) and Pediatric Logistic Organ Dysfunction score (17.6) were high at admission.
Primary Outcomes
The prevalence of diastolic dysfunction in the study population was 41.1% (n = 23) (95% CI, 27.8-54.4), that of systolic dysfunction was 25% (n = 14), and the remaining (n = 19, 34%) had "no dysfunction." If we included the two patients with diastolic and systolic dysfunction for calculating the overall prevalence of diastolic dysfunction, the prevalence was 43% (95% CI, 31-56). Ten (43%) children with diastolic dysfunction, two (15%) with "systolic," and seven (37%) with "no dysfunction" died (p = 0.15). The cause of death was refractory shock in all with "systolic" and "no dysfunction" and in 70% (7 of 10) of those with diastolic dysfunction. Three children in the group with diastolic dysfunction died of refractory hypoxemia. The median time to death in those with "diastolic dysfunction" was www.pccmjournal.org e373 5.5 (2, 8) days, in those with "systolic dysfunction" was 5.5 (4, 9) days, and in those with "no dysfunction" was 4 (1.5, 6.2) days. At discharge, only two children (9%) with diastolic and one (7%) with systolic dysfunction had residual cardiac damage. Of those with "no dysfunction," two children were found to have systolic dysfunction at discharge with the mean (sd) EF being 43% (5).
Secondary Outcomes
At 1-year follow-up, two children with diastolic, one with systolic, and three without any dysfunction were lost to followup. Of the remaining, only one child with diastolic dysfunction had residual cardiac damage which had improved from admission (mean [sd] E′ = 1.06 [0.24] vs 0.89 [0.11]). The clinical and laboratory characteristics of the children with "diastolic," "systolic," and "no dysfunction" are described in Table 2 . There were no differences between the three groups with regard to demographic variables such as age, gender, and admitting diagnosis. The variables that were significantly different between the three groups included the duration of illness (longer in the group with "no dysfunction"), mean systolic blood pressure (mm Hg), the CVP, base deficit, PIM-2 score, and cTnT at admission. The mean CVP (13 cm) was significantly higher in those with diastolic dysfunction compared with the other two groups (5 cm in systolic dysfunction group and 5.7 cm in no dysfunction group) (p < 0.001). Although the diastolic blood pressure (DBP) and the mean blood pressure were lower in the group with diastolic dysfunction, it did not reach statistical significance. The base deficit was significantly higher in those with "no dysfunction" (p = 0.002). Also factors such as inotrope score prior to echocardiography and need for MV were not significantly different between the groups.
On univariable analysis, we found the following variables to be statistically significant: duration of illness (mean difference, MD = 2.4; 95% CI, 0.5, 4.3; p = 0.01); CVP (MD = -7; 95% CI, -9.2, -5; p < 0.0001); PIM-2 probability (MD = -8; 95% CI, -12, -4; p = 0.0001); a positive cTnT (OR = 2.3; 95% CI, 1.1, 4.7; p = 0.01), and admission hemoglobin (MD = -1.2; 95% CI, -2.4, -0.02; p = 0.046) ( Table 2) . However, on multivariable analysis, only the CVP (adjOR = 1.6; 95% CI, 1.12, 2.14; p = 0.008) remained significant ( Table 3) .
Echocardiographic Variables and Clinical
Course of the Children With "Diastolic, " "Systolic, " and "No Dysfunction" The median time to perform echocardiography in all the enrolled children was 1.5 hours (0.4, 2.4), with no difference among the three groups ( Table 4) . The EF was significantly lower in those with systolic dysfunction (p < 0.001). The mean E, E/A, E′, and A′ were significantly lower in the group with diastolic dysfunction compared with the other two ( Table 4) . The mean (sd) E/E′ (13 [3] ) was significantly greater, and the IVRT significantly prolonged in the group with diastolic dysfunction compared with the other two (p < 0.0001) ( Table 4) .
There was no significant difference between the three groups with regard to variables such as proportion of children achieving therapeutic endpoints, inotrope score, duration of inotrope therapy, ICU stay, or need for dialysis. However, the need for MV as well as the duration of MV were significantly greater in children with diastolic dysfunction (82%) compared with others. Also, a greater proportion of children with "no dysfunction" (73%) had disseminated intravascular coagulation compared with others (40% and 35% in diastolic and systolic dysfunction groups, respectively) ( Table 4) .
DISCUSSION
We estimated the prevalence of diastolic dysfunction in children with fluid refractory septic shock and found it to be as 
Escherichia coli 4 (17)
Klebsiella pneumoniae 3 (13)
Pseudomonas aeruginosa 2 (8.6)
Hemophilus influenzae 1 (4.3)
Enterococcus viridans 4 (17)
Streptococcus pneumoniae 4 (17)
Staphylococcus aureus 5 (21)
Data represented as number (%) unless indicated otherwise.
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high as 41%. Diastolic dysfunction was commoner than systolic dysfunction in our study, similar to previous studies in adult patients with septic shock (19, 30) . The prevalence of diastolic dysfunction in studies involving adult patients has ranged from 20% to 57% (13-19, 22, 30-32) . In the largest study including 262 adult patients, the prevalence of diastolic dysfunction defined by E′ value was found to be 40.4% (19) . In contrast to adult population, prevalence of diastolic dysfunction in pediatric patients with septic shock is underreported (33) . In a study on multimodal monitoring in septic shock, none of the patients were found to have diastolic dysfunction. This finding is in contrast to what we found in our study. The difference in prevalence could probably be explained by a number of differences between their study and ours. First, we used ageappropriate E′ cutoffs by TDI to diagnose diastolic dysfunction in our study in comparison to E, A, and E/A ratio estimation in their study. Unlike adults (31) , there is no pediatric literature or guideline available on the echocardiographic variables used to define diastolic dysfunction. We used "E" values for defining diastolic dysfunction in our study, as it is mostly independent of both preload and heart rate. It is well known that inotrope therapy may affect myocardial functions (34-38). More than 40% of the patients in their study were already on inotropes at the time of echocardiography compared to only 14% (eight of 56) in our study. This could have probably affected the status of diastolic dysfunction in their study population. The second important difference was in the setup and the patient population between their study and ours. Ours is a governmentrun organization with resource limitation compared to their relatively well-equipped setup. Most patients are referred from small clinics, hospitals, or dispensaries often after days of outpatient treatment. Thus, most patients often arrive late with undetected shock, at an advanced stage of illness in our setup. This is supported by the high PIM-2 score and mortality rates in our study (39% compared to 8.4%) (33) . Third, we used different fluid regime for resuscitation. We used 40-60 mL/kg, and they have reported using up to 40 mL/kg. More volume could have resulted in uncovering the dysfunction earlier and therefore the higher prevalence in our population. The proposed mechanisms for diastolic dysfunction or impaired LV relaxation (which is an adaptive response in survivors of septic shock) may include severe myocardial capillary leak and myocardial edema resulting in loss of compliance of the myocardium. The myocardial capillary leak is thought to result from a low systemic vascular resistance (SVR) and interaction of various activation-inactivation processes involved in ventricular relaxation (10, 32) . Diastolic dysfunction may progress to global dysfunction or resolve completely (10, 11) .
In our study, similar to previous studies in adult patients (13, 14, 19, 22) , we found almost 40% with diastolic and 15% with systolic dysfunction dying. However, the difference in mortality rates was not statistically significant between the three groups. The reason for this observed phenomenon could be the high mortality rate in the group with "no dysfunction" (37%). This could probably be attributed to the children being sicker at admission (mean PIM-2 84%; 53% had disseminated intravascular coagulation at admission) in this group compared with others. Also, the fact that two children from this group had systolic dysfunction at discharge suggests that the children with "no dysfunction" could have developed SIMD later in the course of their illness, as echocardiography was performed only at admission in all patients. The overall high mortality rate observed in our study could be attributed to the increased severity of illness at admission owing to delayed presentation, delayed referral, and other factors prevalent in settings such as ours.
Although the immediate outcome of diastolic dysfunction in terms of mortality is poor, the condition is mostly reversible within 7-10 days and does not usually leave any residual cardiac dysfunction in the majority (10, 32, 39) . We found similar results in our study, in which less than 10% of patients with diastolic dysfunction had any evidence of residual cardiac dysfunction at discharge. This phenomenon is thought to be due to attenuation of the inflammatory response of sepsis in survivors (4, 6, 10) .
In the present study, children with diastolic dysfunction tended to have higher CVP, evidence of low SVR in the form of lower mean MAP and DBP, and shorter duration of illness compared with those without diastolic dysfunction ( Table 2) . On bivariable analysis, however, only an elevated CVP and a positive cTnT test were significantly associated with diastolic dysfunction. Finally, on multivariable analysis, only an elevated CVP remained a significant predictor. We could not find any literature supporting this observation. In fact, studies have shown CVP to be poorly correlating with diastolic dysfunction in patients with septic shock (16, 19) . At this point, we could say that a high CVP after initial fluid resuscitation in children with septic shock may point toward a failure of the ventricles to dilate further beyond a point and therefore warrants an urgent bedside echocardiography to guide further management. In the absence of echocardiography, CVP along with other clinical variables may be used in guiding further fluid and vasoactive therapy in these children.
It is possible that once the preload is optimized, septic patients with diastolic dysfunction may become increasingly intolerant to further fluid resuscitation and may start retaining excessive fluid in the lungs, thereby necessitating initiation or increase in need of MV in due course of illness. This is somewhat supported by the findings from a previous (10) as well as our study, in which we found that one fourth of the patients with diastolic dysfunction required MV in first 6 hours of admission and more than 50% of the remaining children required MV subsequently. On univariable analysis, however, need for MV was not significantly associated with diastolic dysfunction as the group with "no dysfunction" also had similar proportion of children requiring MV in the first 6 hours. We presume that due to the small numbers and sicker children in the group with "no dysfunction," a real association could have been missed. Future studies with larger numbers might help prove this important association.
cTnT positivity has ranged from 36% to 68% in previous studies on SIMD (40, 41) . In our study, cTnT was elevated in half of the children, and among the three groups, a significant positivity was found in children with underlying diastolic dysfunction. But, a positive test did not correlate with diastolic dysfunction on multivariable analysis. Our study findings, however, support the fact that these cardiac enzymes are released from damaged myocytes, rather than spuriously increased test results (27, 28) .
It has been shown that aggressive inotropic treatment to boost systemic oxygen consumption increased the prevalence of cardiovascular complications and adversely affected outcome in fluid-resuscitated septic patients (36) (37) (38) . It may even be one of the factors contributing to myocardial cell injury in patients with septic shock. We therefore enrolled patients not on inotropes/vasopressors at admission to adjust for this confounder. We also calculated the inotrope score prior to echocardiography to determine its relation with diastolic dysfunction, but could not find any.
The strengths of our study are as follows: we estimated the immediate and short-term outcome of diastolic dysfunction in children with septic shock and studied the predictors of such dysfunction in these children. We found a probable correlation with CVP, which may be used in resource-restricted settings as www.pccmjournal.org e377 a surrogate for guiding further management. Our study, however, has several limitations such as 1) whether the figures in our study reflect actual numbers or not may be doubtful, as there may be changes undetected by echocardiography early in the course of illness detected by other methods such as two-dimensional speckle tracking method (42) . However, till such time that these advanced techniques are available in the resource-limited countries, echocardiography will remain a very useful tool to detect myocardial dysfunction early in the course of illness; 2) it was a single-center study and was not adequately powered to detect indicators of diastolic dysfunction or risk of mortality; 3) although TDI variables are less load-dependent than flow measurements, they are nevertheless not totally load independent. However, as mentioned earlier, we found the non-Doppler variables to be abnormal as well in these children; 4) we were not able to measure pulmonary venous flows or perform Valsalva maneuver in our patients and were unable therefore to differentiate between the grades of diastolic dysfunction; 5) we included children not on MV at admission. Therefore, the prevalence of diastolic dysfunction in this group of children is not known; and finally, 6) we used qualitative test for troponin-T estimation. A quantitative test would have provided us with information on the extent of myocardial cell damage in such children.
CONCLUSIONS
Diastolic dysfunction is possibly common than systolic dysfunction in children with fluid refractory septic shock. Increased CVP after initial fluid resuscitation may be an early indicator of diastolic dysfunction and warrants urgent bedside echocardiography to guide further management.
